Cilia and flagella can alter their beating patterns through changes in membrane excitation mediated by Ca 2+ influx [1] [2] [3] [4] [5] [6] . The ion channel that generates this Ca 2+ influx and its cellular distribution have not been identified. In this study, we analyzed the Chlamydomonas ppr2 mutant, which is deficient in the production of a flagellar Ca 2+ current and consequently has a defective photophobic response [7] and mechanoshock response. ppr2 had a mutation in CAV2, which encodes a homolog of the a 1 subunit of voltage-dependent calcium channels (VDCCs). CAV2 has four domains, each with six transmembrane segments and EEEE loci in the ion-selective filter, which are typical of VDCCs in vertebrates. Interestingly, we found that CAV2 primarily localized toward the distal part of flagella. We provide evidence that CAV2 is transported toward the flagellar tip via intraflagellar transport (IFT) because CAV2 accumulated near the flagellar base when IFT was blocked. The results of this study suggest that the Ca 2+ influx of Chlamydomonas flagella is mediated by the VDCC, CAV2, whose distribution is biased to the distal region of the flagellum.
Results and Discussion
Mechanoshock Response of Wild-Type and Photophobic Response Mutants Wild-type Chlamydomonas cells usually swim forward along a mild helical path while the two flagella beat in a breast-stroke pattern. In response to a flash of light, cells swim backward for approximately 0.5 s with an undulating flagellar waveform. This waveform conversion is generated by an all-or-none flagellar Ca 2+ current, which is triggered by photoreceptor potential [8] . Similar backward swimming was observed when the cells occasionally collided with the surface of the glass slide (Movie S1 in the Supplemental Data available online). During the backward swimming, the flagellar waveform was converted to a symmetrical S-shaped pattern, similar to that observed in the photophobic response.
ppr1, ppr2, ppr3, and ppr4 are mutants that fail to show the photophobic response because they are unable to generate a flagellar current [7] . When the focus of a microscope was adjusted to the surface of the slide glass, single wild-type cells displayed the mechanoshock response at a rate of 3.6/min. On the other hand, ppr1, ppr2, ppr3, and ppr4 mutants never displayed backward swimming when examined under the same conditions (w30-40 cells, >200 s observation). This observation indicates that ppr1, ppr2, ppr3, and ppr4 cells are defective in the ability to elicit the mechanoshock response, as well as the photophobic response.
Defective Gene in ppr2 Mutant
To identify the genes responsible for the ppr phenotype, we rescued the plasmids inserted in ppr1, ppr2, ppr3, and ppr4. The insertions in ppr1, ppr3, and ppr4 were found to be in genes coding membrane proteins, none of which had an obvious relationship to the calcium response (data not shown). We were not able to identify the insertion in ppr2 through plasmid rescue, possibly because the insertion contained only part of the plasmid.
One candidate for the gene defective in ppr2 is a voltagedependent calcium channel (VDCC) [7] . The pore-forming unit of VDCCs is the a 1 subunit, which generally possesses 24 transmembrane segments. We applied a basic local alignment sequence tool (BLAST) search program to the genomic DNA database of Chlamydomonas [9] and found that eight genes have homology to the a 1 subunit of VDCCs. We examined the expression of these genes by RT-PCR (reverse transcriptase polymerase chain reaction) and found that all of them were expressed in wild-type cells ( Figure 1A ). On the other hand, gene 194451 was not amplified in ppr2 samples, whereas the mRNA of the other seven putative a 1 subunit genes was readily detected ( Figure 1A) .
The genomic DNA encoding gene 194451 was separated into 21 exons according to the sequence of the full-length cDNA ( Figure 1B) . Whereas the central region of the 194451 gene was amplified by PCR from the genomic DNA of both the wild-type and ppr2 (primer e and e 0 ), the first ten exons could not be amplified from ppr2 (primer f and f 0 ) ( Figure 1C ). Inverse PCR with primers inv and inv 0 ( Figure 1B ) detected the NIT1 gene, which was used for insertional mutagenesis, in the seventh exon ( Figure 1B) . The genes that lie upstream of the 194451 gene (genes 165050, 179396, and 194454) were present in the ppr2 genome as determined by amplification of a part of the genes by PCR and sequencing of the PCR product. The results of the PCR and RT-PCR analyses above suggest that the NIT1 insertion prevented transcription of the 194451 gene.
When ppr2 was backcrossed with a wild-type strain, 21 out of the 37 offspring displayed both the photophobic response *Correspondence: kenjiro@mbb.nifty.ne.jp and the mechanoshock response. On the other hand, the remaining 16 strains had neither response. There were no offspring that had only one of the two responses, suggesting that a single gene is responsible for both defects. The approximate 1:1 ratio of phenotypes in the F1 generation suggests that a single mutation is responsible for the ppr2 phenotype (note that, because Chlamydomonas is a haploid, a phenotype caused by a single gene mutation would be expected to segregate 1:1). We further analyzed whether the ppr2 phenotype was linked to the NIT1 insertion. We determined the presence of the NIT1 insertion by PCR with specific primers designed to amplify the boundary between NIT1 and 194451 ( Figure 1B , n and w 0 ). We designed a second pair of primers that amplify a DNA fragment of the 194451 gene only in the absence of the NIT1 insertion ( Figure 1B , w and w 0 ). All offspring that have the photophobic and mechanoshock responses had the w-w 0 fragment but not the n-w 0 fragment ( Figure 1D ). In contrast, strains defective in both responses had the n-w 0 fragment but lacked the w-w 0 fragment. These observations indicate that the NIT1 insertion in 194451 is genetically linked to the ppr2 phenotype. Thus, all the above observations support the idea that a mutation in the 194451 gene is responsible for the ppr2 phenotype. Because the name CAV2 has been assigned to the gene 194451 in the genome project, we hereafter refer to this gene as CAV2.
Involvement of CAV2 in the photophobic response was confirmed by RNAi analysis. After transformation with RNAi construct, 13 strains were randomly selected from more than 200 colonies. RNAi effectively suppressed the expression of CAV2 in eight strains. In particular, the expression of CAV2 in strain F1 was reduced to 9% of the expression in the control strain transformed with empty vector ( Figure 1E ; see below for the antibody used in immunoblots). Only 22% of the F1 knockdown cells displayed the photophobic response ( Figure 1F ). The typical response of the strain F1 knockdown cells to photostimulation is a small turn ( Figure 1G ), which is similar to the phenotype of ppr2 cells [7] . This small turn probably represents temporal phototactic turn because ppr2 retains normal phototaxis [7] . On the other hand, the cells transformed with empty vector displayed backward swimming in response to flash stimulation ( Figure 1H ). Although the conversion to an S-shaped waveform was consistently observed in mock-transformed cells after photostimulation, most of the strain F1 knockdown cells retained a breast stroke-like bending pattern ( Figure S1 ). The defect in the photophobic response in strain A1 knockdown cells was as severe as in the F1 strain, whereas strains F2 and F3 showed almost normal photophobic responses. Thus, the defect in the photophobic response is correlated with a reduction in CAV2 expression ( Figure 1E ). The results of these RNAi experiments indicate that suppression of CAV2 expression hinders the induction of the flagellar waveform conversion during the photophobic response.
The full-length mRNA of CAV2 is 7,199 bp long and encodes a peptide comprising 2,062 amino acids ( Figure S2 ). CAV2 has the highest similarity to the a 1 subunit of VDCCs when examined with Washington University's BLAST2 (http://www.ebi. ac.uk/blast2/). Hydrophobic profile analysis predicted the presence of 24 transmembrane segments that can be divided into four domains, each with six transmembrane segments (Figure 2A) . The fourth segment (S4) in each domain comprises five or six arginine residues and shares a high degree of homology with the S4 voltage sensor of VDCCs ( Figure S2 ). The pore-forming region (pore loop) of each domain has a conserved glutamic acid, which comprises a calcium-ion selectivity filter in various VDCCs (EEEE loci; Figure 2B ) [10] [11] [12] [13] [14] . There is an IQ motif in the carboxy-terminal region, and this motif might bind to calcium/calmodulin and inactivate Table S1 . (C) Sequence alignments of pore loop and transmembrane regions were used for phylogenetic tree analysis with the RAxML program [31] . Numbers in each tree represent bootstrap scores obtained from 100 bootstrap tests.
the channel, as in other types of VDCCs. It is noteworthy that calcium channels, which are involved in a number of physiological responses, have been studied primarily in vertebrates. Phylogenetic analysis with pore loop and transmembrane regions indicates that CAV2 is an ancestral form of previously characterized voltage-dependent calcium channels ( Figures  2B and 2C ). CAV2 does not seem to have the sodium-iontransport-associated region (pfam06512) that is found exclusively in eukaryotic sodium channels. Preservation of the general structural characteristics of the channel pore-forming subunit of the VDCC superfamily and a close relationship to VDCCs in phylogenetic analyses indicate that CAV2 is a Ca 2+ -permeable pore-forming a 1 subunit of VDCC. Attempts at expressing CAV2 in Xenopus oocytes or in mammalian cultured cells have yet to be successful, although a direct demonstration of the Ca 2+ current produced by CAV2 is expected to provide strong evidence that CAV2 is a functional VDCC. We suspect that the b subunit is required for the functional expression of the a 1 subunit, as is known to occur for some VDCCs.
Localization of CAV2
The expression of flagellar proteins is known to increase during the regeneration of flagella after deflagellation [15] [16] [17] . In fact, the transcription of b-tubulin increases 8.6-fold within 30 min of deflagellation when examined by real-time RT-PCR ( Figure 3A) , as has been reported previously [17, 18] . Similarly, the production of CAV2 mRNA increases 3.2-fold ( Figure 3A) . The increased expression of both genes persisted for 45 min after the deflagellation. The increase in mRNA production in response to deflagellation suggests that the expression of CAV2 is coordinately regulated with the proteins necessary for flagella regeneration.
To determine the localization of CAV2, we raised an antibody against its cytoplasmic segment. Immunoblotting showed that the antibody recognizes a 210 kDa polypeptide in the flagella, but not in the cell body, of wild-type cells ( Figure 3B ). The molecular mass is consistent with the predicted molecular mass of CAV2 (222,912 Da). The CAV2 antibody reacted with an unknown 25 kDa polypeptide in the cell-body fraction. The 210 kDa polypeptide was detected in the flagella isolated from ppr1, ppr3, and ppr4 but not in the flagella of ppr2 ( Figure 3C ). These results demonstrate that CAV2 localizes to flagella and confirm that CAV2 is not expressed in ppr2.
When Chlamydomonas cells were immunostained with the CAV2 antibody, the immunofluorescence signal was detected at the flagella ( Figure 3D ). The immunofluorescent signal present in the cell body is probably not related to CAV2 because the cell body was stained in the ppr2 mutant, which lacks the expression of CAV2 ( Figure 3E) . Interestingly, the fluorescence intensity increased toward the distal portion of the wild-type flagella ( Figure 3D ). This is not likely to be an artifact due to the accessibility of the antibody to the intraflagellar space because the tubulin immunostaining was uniform ( Figures 3F and 3G) . It is still possible that the uneven localization of CAV2 reflects the amount of membrane detached from flagella during sample preparation. However, costaining with DiD, which is incorporated into membranes, did not support the possibility that the membrane is preserved preferentially in the distal tip ( Figure S3) .
A previous electrophysiological study showed that the amplitude of flagellar current has a linear relationship with the length of regenerating flagella and suggested that the ion channels responsible for the flagellar current are uniformly distributed along the length of flagella [19] . Whereas some flagella in our study did not possess CAV2 immediately after the start of regeneration ( Figures S4A and S4B) , the distal distribution of CAV2 was consistently observed in the regenerating flagella with lengths of more than 3 mm (Figures S4C and  S4D) . Thus, the distal localization of CAV2 is established at an early stage of flagellar regeneration. The total amount of immunofluorescence of CAV2 in regenerating flagella increased almost linearly with the flagellar length ( Figure 3H ). These observations indicate that the total amount of CAV2 in the flagellum increases linearly with the length of the flagellum, whereas CAV2 is localized to the distal portion of flagella during regeneration.
The flagellar current elevates intraflagellar Ca 2+ concentrations, and the waveform conversion from the forward mode to the reverse mode occurs when the concentration exceeds a threshold of 10 26 M Ca 2+ [20] . Curiously, the deflagellation at the flagellar base also occurs at 10 26 M Ca 2+ [21, 22] . Therefore, the calcium concentration at the flagellar base cannot increase above the threshold for deflagellation, whereas the calcium concentration in other parts of the flagellum can exceed the threshold to induce a change in flagellar bending. It is possible that the distal localization of CAV2 generates a Ca 2+ concentration gradient that is highest toward the flagellar tip and thus prevents deflagellation during the flagellar waveform conversion ( Figure 3I ). The whole flagellum may respond to this calcium gradient because the cilia in Paramecium and Beroe¨are sensitive to calcium ion along their entire lengths [23, 24] . On the other hand, it is possible that the acid-activated channel for deflagellation is targeted to the flagellar base ( Figure 3I ).
Some polypeptides required for the formation and maintenance of flagella are carried to the flagellar tip by intraflagellar transport (IFT), which is driven by kinesin 2 (reviewed in [25] ). Anterograde IFT is blocked in the fla10 mutant by a temperature increase to the nonpermissive temperature of 32 C [26] .
When fla10 cells were incubated at 32 C, CAV2 accumulated in two small foci close to the flagellar base ( Figures 4A and  4B, arrowheads) . When the fla10 cells were deflagellated, the CAV2 accumulation remained in the cell body and was not found in the flagella ( Figures 4E and 4F) , indicating that the accumulation is not directly associated with the flagella. In all, 41% of fla10 cells displayed CAV2 foci at the base of their flagella at the nonpermissive temperature, whereas this proportion decreased to 24% at the permissive temperature ( Figures 4D and 4G) . The CAV2 accumulation occurred in wild-type cells at a lower ratio, both at permissive and at nonpermissive temperatures ( Figures 4C and 4G) . The amount of CAV2 in the flagella did not decrease during the 180 min incubation at 32 C, either in wild-type or in fla10 cells ( Figure 4H ). Consist with this, the photophobic response was intact in both cell types. We speculate that the lifetime of CAV2 protein in the flagellum is longer than 180 min, which is consistent with the long half-life of membrane proteins in general. The increased accumulation of CAV2 at the flagellar base in fla10 cells suggests that IFT is involved in the flagellar transportation of CAV2 because the IFT polypeptides localize and accumulate in the flagellar basal region in this mutant [27, 28] . Another Chlamydomonas flagellar membrane protein, PKD2, has been shown to be transported in an IFT-dependent manner [29] . These experiments with fla10 cells suggest that CAV2 is attached to an IFT particle in the cell body and is transported toward the flagellar tip through the IFT.
The ion channels responsible for membrane excitation in cilia and flagella have been sought since the discovery of excitability in the cilia of Paramecium in 1969 [1] . In this study, we have demonstrated that the Ca 2+ channel gene, CAV2, is required for the photophobic response and the mechanoshock response in Chlamydomonas cells. CAV2 is a flagellar membrane protein found in increasing density toward the distal portion of flagella. IFT is most likely responsible for the transport of CAV2 to the tips of flagella. Taken together, the results of this study suggest that CAV2 is a VDCC responsible for the Ca 2+ influx that induces flagella to convert the waveform.
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The DDBJ (DNA Databank of Japan) accession number for the Chlamydomonas CAV2 sequence reported in this paper is AB303296.
Supplemental Data
Supplemental Data include Supplemental Experimental Prodecures, four figures, five tables, and one movie and are available with this article online at http://www.current-biology.com/supplemental/S0960-9822(08)01686-2.
